Rotavirus strain A253, isolated from the faeces of a diarrhoeic piglet in Venezuela, was classified as serotype G11 by cross-neutralization studies and by comparison of the deduced amino acid sequence of the VP7 surface protein. The epitopes involved in neutralization of the two G11 porcine rotavirus strains A253 and YM were analysed using neutralization-resistant mutants selected with seven neutralizing monoclonal antibodies (MAbs), monotype-specific (M-) MAbs and serotype-specific (S-) MAbs, produced against VP7 of strain A253. Crossneutralization tests and sequence analysis of the escape 
Introduction
Rotaviruses are important viral agents, aetiologically related to diarrhoea of the young in human and several animal species including pigs. Six antigenically distinct groups (A to F) of rotaviruses have been reported to infect mammals (Estes & Cohen, 1989) . Group A rotaviruses are most frequently detected in diarrhoeic pigs. The two surface proteins of group A rotaviruses, VP4 and VP7, have been shown to elicit neutralizing antibodies independently and to induce protective immunity (Hoshino et al., 1985 (Hoshino et al., , 1988 Offit et al., 1986) . These proteins possess distinct type-specific antigens, identified mainly through in vitro cross-neutralization studies and in vivo cross-protection tests. Identification of antigenic variants of VP4 and VP7, defined as P and G serotypes respectively, is necessary to understand rotavirus epidemiology and to design vaccination strategies. Strains representative of at least four G serotypes (G3, G4, G5 and G11) have been described among group A porcine rotaviruses (Bohl et al., 1984; The nucleotide sequence data reported in this paper have been submitted to the GenBank database and assigned the accession number L24163. Holmes, 1988; Ruiz et al., 1988) . Additional strains with unique antigenic properties have been described but not fully characterized as yet (Paul et al., 1988; Bellinzoni et al., 1990) . Of these G serotypes, the only one limited to pigs is Gtl, for which a single isolate, strain YM, has been reported. In this study we report the sequence of the VP7 gene of another G11 porcine strain, A253, isolated in Venezuela, and its serological relationship to other G serotypes. In addition, amino acid positions involved in neutralization epitopes associated with Gll specificity were identified by VP7 sequence analysis of neutralization-resistant variants, selected with a panel of G11 serotype-specific (S-) and monotype-specifc (M-) monoclonal antibodies (MAbs).
Methods
Virus isolation. The porcine rotavirus strain A253 was identified in the faeces of a 3-week-old piglet with diarrhoea by PAGE and silver staining (Liprandi et al., 1991) . The virus was first adapted to grow in MA104 cell monolayers in roller tubes in the presence of 1 Ixg/ml porcine trypsin (type IX; Sigma) and was then plaque-purified three times before characterization.
Rotavirus strains. Porcine rotavirus strain YM (serotype G11) and its respective antiserum, produced in a mouse, were kindly provided by C. Arias (Departamento de Biolog/a Molecular, Cuernavaca, Mexico). Bovine rotavirus strains B223 (G10) and UK (G6), and equine rotavirus strains L338 (G13) and F123 (G14) with their antisera were provided by D. Snodgrass (Moredun Research Institute, Edinburgh, U.K. ; Snodgrass et al., 1990; Browning et al., 1991a, b) . Rotavirus strains Wa and KU (G1), DS-1 (G2), Rhesus and SAll (G3), SB-IA and Gottfried (G4), OSU (G5), NCDV (G6), Ch2 (GT), 69M (G8) and WI61 (Gg) were included in this study as reference serotypes (Estes & Cohen, 1989) .
Immune sera. Hyperimmune sera were raised in guinea-pigs, rabbits and mice (BALB/c) from rotavirus-free colonies using virus, partially purified by sedimentation through 40% sucrose cushions, as the immuuogen.
Subgroup and serotype characterization of strain A253. The rotavirus strain A253 was of subgroup I specificity as previously reported (Liprandi et al., 1990) . Its VP4 protein appeared to be similar to that of strain OSU (serotype P7) on the basis of neutralization reactivity with a hyperimmune serum raised against baculovirus-expressed OSU VP4 and immunofluorescence reactivity with a panel of MAbs specific to OSU VP8 (Liprandi et al., 1991) . The VP7 serotype was assigned by a fluorescent focus neutralization assay (FFNA) essentially as described previously (Kang et al., 1989) with the endpoint determined as a 66 % reduction in the number of fluorescent foci. Strains were classified into different serotypes when the ratio between homologous and heterologous titres of antisera was equal to or greater than 20-fold.
MAb production and neutralization tests. MAbs against strain A253 were produced using a standard protocol essentially as previously described (Liprandi et al., 1991) . Hybridoma supernatants were screened by FFNA as described by Kang et al. (1989) . Hybridomas showing neutralizing activity were subcloned twice by limiting dilution and grown as ascites tumours in pristane-primed syngeneic mice.
Production of reassortment strains. Trypsin-treated (10 ktg/ml for 30 min at 37 °C) parental viruses (strains A253 and UK, both plaquepurified three times) were co-cultivated in duplicate wells of a microwell plate. Progeny virus was plated without selection and individual plaques were picked. Clones were amplified in tubes and screened by PAGE, and by neutralization using a MAb (UK/7) specific for UK VP7 (kindly provided by D. Snodgrass) and a cross-reactive MAb (57/8) for G serotypes 3, 4 and 6 (provided by D. Benfield, Department of Veterinary Science, South Dakota State University, Brookings, S.D., U.S.A.). Clones were also screened by immunofluorescence using MAbs 2D5, 4B2, 2C9 and 3G5, which recognize the VP4 of strain A253 but not of UK (Liprandi et al., 1991) .
Neutralization-resistant mutants. Mutants of strains A253 and YM were selected by neutralizing (N-) MAbs produced in this study. Variants of strain A253 were obtained from different passages in MA104 cells of a single amplified clone of the parental strain. From strain YM, one variant (YM 5E6.1) was derived from an uncloned virus stock and the others from the same cloned virus stock. Briefly, all mutants were selected by incubating the parental virus for 1 h at 37 °C in the presence of a 1:25 final dilution of the ascitic fluid of the respective N-MAb before inoculation onto MA104 cells. The grown virus was re-exposed to the antibody under the same conditions prior to inoculation into six-well plates for plaque production. Selected clones were plaque-purified at least twice before further analysis. Cross-neutralization tests between the N-MAbs and the mutant~ were performed by FFNA. Each mutant is designated by the name of the parental strain followed by the name of the N-MAb. All mutants exhibited an electrophoretic phenotype identical to that of the parental strains, as visualized by PAGE and silver staining.
ELISA. This was performed to examine the reactivity of the NMAbs with virus strains and variants. The assay was carried out with microtitre plates using MAb (ascitic fluid) as a capture antibody, rabbit antiserum (against A253 strain) as a detector antibody and infected cell lysate as antigen, essentially as previously described (Shaw et al., 1985) .
Readings greater than 0.2 were considered positive reactions after zero calibration was performed with the lowest value from wells using an irrelevant MAb as the capture antibody.
Sequencing. Dideoxynucleotide sequencing of ssRNA transcripts, prepared from purified, single-shelled particles was performed essentially as described by Gorziglia et al. (1986) . Synthetic oligonucleotide primers, complementary to the positive strand of the gene coding for VP7, were used to prime reverse transcription at intervals of 200 to 300 nucleotides.
Results

Serotype determination
The antigenic relationships between strain A253 and the standard rotavirus strains representative of 12 of the 14 G serotypes (not G7 or G12) were studied by crossneutralization tests. Strain A253 showed a two-way neutralization reaction with only the YM strain, the prototype of the G11 serotype, and no reactivity (greater than 32-fold difference between titres of homologous and heterologous antisera) with the remaining 11 strains (data not shown). Also, antiserum to strain A253 did not neutralize the prototype rotavirus strain of serotype G7 (Ch2). Antiserum to serotype G7 and serotype G12 were unavailable for this study. Thus, strain A253 was classified as serotype G11.
Nucleotide sequence of the gene encoding VP7 in strain A253
To confirm the serological classification of this strain as G11, the nucleotide sequence of the gene coding for VP7 of strain A253 was determined from in vitro transcribed mRNA. A comparison of the complete deduced amino acid sequence of strain A253 with rotavirus prototypes YM (Gll), SAll (G3), ST3 (G4) and OSU (G5) is shown in Fig. 1 . Strain A253 shared the highest amino acid identity with the VP7 of strain YM (94.2%), whereas identity with the VP7 sequence of the prototypes of the other G types ranged from 88.9% (OSU; G5) down to 75-8% (ST3; G4). Of the 20 amino acid substitutions between the VP7 of strain A253 and YM, only one (at position 72) was non-conservative (Dayhoff & Eck, 1968) . Comparison of the amino acid sequences corresponding to the three major antigenic regions A, B and C (Dyall-Smith et al., 1986 ) indicated only two amino acid differences between YM and A253, at positions 87 and 221 in regions A and C respectively.
Neutralization specificities of the N-MAbs
Seven N-MAbs were produced from a single fusion using strain A253 as the immunogen. MAbs were tested as ascitic fluids by FFNA against the parental strain and a panel of rotavirus strains that were representative of different serotypes. MAbs 8E8 (IgM), 5E6 (IgM) and Comparison of the deduced amino acid sequence of VP7 of porcine rotavirus strain A253 with three different G serotypes. The potential glycosylation site is boxed. Conserved cysteine (*) and proline ( 6 ) residues in all strains are indicated. The VP7 sequences of strains SA11 (Nishikawa et al., 1989) , OSU (Gorziglia et al., 1986) , ST3 (Green et al., 1987) and YM (Ruiz et al., 1988) were previously published. The amino acid at position 12 of the clonal stock of strain YM was found to be phenylalanine and a nucleotide change at position 382 (T to G) resulted in a switch from serine to proline (data not shown), which is conserved in all other rotavirus serotypes sequenced to date (Green et al., 1987; Estes & Cohen, 1989; Huang et al., 1989; Nishikawa et al., 1989 Nishikawa et al., , 1991 Taniguchi et al., 1990; Browning et al., 1991 a, b; Kool & Holmes, 1993 YM < 100 < 100 < 100 < 100 51200 102400 6400 YM 5E6.1t < 100 < 100 < 100 YM 5E6.5t < 100 < 100 800 YM 8E8 < 100 < 100 400 A253 51200 3200 1600 51200 102400 102400 102400 A253-6E10 < 100 < 100 < 100 < 100 < 100 800 102400 A253 3C8 < 100 < 100 < 100 < 100 < 100 1600 12800 A253-7D9 < 100 < 100 < 100 < 100 < 100 800 51200 A253-7F10 < 100 < 100 < 100 < 100 < 100 400 51200 A253-8E8 < 100 < 100 < 100 < 100 < 100 800 51200 A253-5E6 < 100 < 100 < 100 < 100 < 100 400 51200 A253-8D10 25600 6400 3200 25600 51200 102400 < 100 * Neutralization titres are expressed as the reciprocal of the highest dilution of ascitic fluid that reduced the fluorescent focus count by more than 66%. Significant neutralization titres are indicated in bold.
t Different mutant clones selected with the same MAb (5E6).
8D10 (IgG2b) showed a serotype-specific pattern of reactivity (neutralizing only strains A253 and YM), whereas MAbs 6El0 (IgG2b), 3C8 (IgG2a), 7D9 (IgG3) and 7F10 (IgG2b) neutralized only strain A253, exhibiting a monotypic (M) pattern of reactivity (Table 1) . None of the MAb preparations exhibited neutralization activity (neutralization titre less than 1 : 100) for rotavirus strains representative of serotypes G1 (Wa and KU), G2 (DS1), G3 (Rhesus and SAll), G4 (Gottfried), G5 (OSU), G6 (NCDV and UK), G8 (69M), G9 (WI-61) and G10 (B233) (data not shown). One MAb (8D10) exhibited a low-level neutralization activity (1:200) against strain SA11 (G3).
To determine which of the rotavirus virion surface proteins (VP4 or VP7) the MAbs reacted with, all MAbs were tested by radioimmunoprecipitation of radiolabelled infected cell lysates. No protein was immunoprecipitated by any N-MAb. Therefore, reassortant viruses were produced using UK and A253 as parental strains to characterize our N-MAbs. No reassortant could be isolated with a combination of A253 VP7 and UK VP4. Nevertheless, one reassortant strain, RR30, was isolated with a VP4 gene of A253 origin, as observed by its electrophoretic mobility in polyacrylamide gels, that was neutralized by an anti-UK VP7-specific MAb (UK/7) (Snodgrass et al., 1990 ; data not shown).
Furthermore, the identity of the reassortant VP4 was confirmed using its reactivity by immunofluorescence with MAbs 2D5, 3G5, 2C9 and 4B2, which recognize the VP4 of strain A253 but not ofUK (Liprandi et al., 1991) .
None of the seven MAbs neutralized the reassortant strain (FFNA titre of less than 1:100), strongly suggesting that they were directed against the VP7 protein (data not shown).
Neutralization patterns of antigenically resistant mutants
To define the relationships among the epitopes recognized by the anti-A253 VP7 MAbs, neutralizationresistant mutants of strain A253 were selected with each of the seven MAbs. Two and one mutant clones of strain YM were also selected with S-MAbs 5E6 and 8E8 respectively. No neutralization-resistant mutant of strain YM could be obtained using N-MAb 8D10 as the selecting MAb. Results of cross-neutralization studies between MAbs and mutants are shown in Table 1 . Mutants were considered to be resistant to a given MAb when the neutralization titre for the mutant was less than 16-fold compared to the titre with the parental strain. When reciprocal interactions were obtained between pairs of MAbs and the resistant mutants, the epitopes recognized by the individual MAbs were considered to overlap each other. Mutants of strain A253 were clearly Values show the sensitivity of the ELISA with N-MAbs at equal concentrations of infectious virus particles (approximately 10 ~ fluorescent foci/ml). divided into two non-overlapping groups of reactivity. One included the mutant that was resistant to MAb 8D10 but was efficiently neutralized by all other MAbs. The second group included the variants selected with the other six MAbs, which escaped neutralization with them but were susceptible to neutralization by MAb 8D10. These results suggested the presence of two antigenic sites on rotavirus A253 VP7, one common to both SMAbs and M-MAbs, and the other defined by one SMAb (8D10). The two variants of strain YM selected independently with MAb 5E6 and the one selected with MAb 8E8 were resistant to neutralization with either set of MAbs. One mutant (YM-5E6.1) clearly escaped neutralization with MAb 8D10, since the neutralizing titre of the MAb against the mutant decreased to less than 64-fold when compared with the titre against the parental strain YM. On the other hand, the variants YM-5E6.5 and YM-8E8 exhibited an intermediate resistance to neutralization by MAb 8D10 (eight-to 16-fold decrease in titre).
Reactivity patterns of the N-MAbs by ELISA
MAb reactivity for the parental strains and selected antigenic variants was also evaluated by ELISA. With all mutants selected from strain A253, neutralization resistance closely corresponded with lack of binding, except for the mutant selected with M-MAb 3C8, which was still bound by S-MAb 5E6, albeit with a lower avidity than the parental strain (Table 2) . But all the variants of strain YM failed to react with S-MAbs 5E6 and 8E8. (97) A Although the variants of YM reacted with S-MAb 8D10 in ELISA, this MAb did not neutralize them (or neutralized very poorly). In ELISA, a similar concentration of infectious virus particles, measured by a fluorescent focus assay (106 fluorescent foci/ml), was used as an approximate estimate of the concentration of double-shelled particles.
Identification of amino acid substitutions on VP7 of variants
To establish the molecular basis of the epitopes recognized by the described MAbs, the VP7 sequences of selected antigenic mutants were obtained. A single amino acid substitution compared to the parental strain was identified in each case, with the exception of variant YM-8E8, which possessed two nucleotide changes corresponding to two amino acid changes (Table 3) . Five of the mutants of strain A253 selected with MAbs of the same reactivity group (which included the S-MAbs 5E6 and 8E8 and the M-MAbs 6El0, 3C8 and 7F10) exhibited an amino acid substitution (Arg to Thr, Arg to Ile or Arg to Gly) at the same position, amino acid 87 (antigenic region A). S-MAb 8D10, apparently associated with a different antigenic site by serological analysis, selected a mutation (Lys to Glu) at position 223 in a different antigenic region, C. One S-MAb, 5E6, selected two variants of strain YM with different amino acid substitutions, one (Asp to Asn) at position 96 (YM-5E6.1) and another (Thr to Ala) at position 91 (YM-5E6.5). Both amino acid substitutions differed from the one identified with the mutant of strain A253 selected with the same MAb. Moreover the variant of YM selected with MAb 8E8 (YM-8E8) presented two point mutations in antigenic region A (Thr to Ala at position 91, and Lys to Glu at position 97). Double amino acid changes in mutant clones selected with a single MAb have recently been reported (Kobayashi et al., 1991) . Both positions also differed from the single one identified in the A253 variant selected with the same MAb. While the YM variants selected with the MAb 5E6 either escaped neutralization or exhibited an intermediate resistance to neutralization by MAb 8D 10, the A253-5E6 mutant was efficiently neutralized by this MAb.
Discussion
Up to 14 different VP7 serotypes have been described among group A rotavirus isolates (Estes & Cohen, 1989; Taniguchi et al., 1990; Browning et al., 1991a, b) . For some serotypes, notably G1, G2 and G3, a significant number of strains have been isolated and characterized, whereas for others a single or a limited number of isolates have been reported. This is the case with G11, for which a single isolate of porcine origin (strain YM) has been established so far (Ruiz et al., 1988) despite the relatively high number of group A rotavirus cell-adapted strains established from this species. In this study, porcine rotavirus strain A253, which was isolated during an epidemiological survey in a swine herd in December 1987, was found to be related by cross-neutralization tests and sequence homology of the gene encoding VP7 only to strain YM, the prototype of G11. Amino acid sequence comparisons of VP7 have revealed the presence in the mature protein of at least six variable regions diverging among different serotypes but relatively conserved among strains of the same serotype (Green et al., 1987) . However, only regions A (amino acids 87 to 101), B (141 to 151) and C (208 to 224) and amino acid positions 190, 242 and 291 have been implicated in neutralization (Dyall-Smith et al., 1986; Taniguchi et al., 1988; Matsui et al., 1989; Nishikawa et al., 1989; Coulson & Kirkwood, 1991 ; Kobayashi et al., 1991; Kirkwood et al., 1993; Dunn et al., 1993) . In these regions, strains YM and A253 differed at only two positions. Of these two, position 87, although highly variable between serotypes, is not often associated with intraserotypic variation (Huang et al., 1989; Nishikawa et al., 1989) .
Cross-neutralization analysis of the escape mutants of strain A253 and the respective MAbs used for their selection suggested the presence of two non-overlapping epitopes that, by sequence analysis, were related to substitutions in region A and C. One epitope was defined by MAb 8D10 which selected a mutation at position 223 (region C) where the corresponding amino acid is conserved among all rotavirus strains described to date (Green et al., 1987; Estes & Cohen, 1989; Huang et al., 1989; Nishikawa et al., 1989 Nishikawa et al., , 1991 Taniguchi et al., 1990; Browning et al., 1991a, b; Kool & Holmes, 1993) . To explain the serotype-specific neutralization reactivity of this MAb, the involvement of at least one other amino acid residue, probably in region C, might be required. It is interesting to note that S-MAb 8D10 neutralized strain YM 16-fold less efficiently than the homologous strain A253. This difference may be attributed to the substitution of alanine for threonine in the former strain at position 221. Moreover, S-MAb 8DI0 reacted in ELISA with the G3 simian strain SA11, whose region C has certain similarities to the corresponding region of G11 strains (three conservative substitutions compared to strain A253, at positions 212, 220 and 221, and two compared to strain YM, at positions 212 and 220). The remaining MAbs, both S-MAbs (5E6 and 8E8) and MMAbs (3C8, 6El0 and 7F10), overlapped operationally, identifying a single antigenic site. All these MAbs selected mutants with amino acid substitutions in region A, localized either at position 87 (for strain A253) or with the S-MAbs at positions 91 and 96 (for strain YM). Hence these three residues at least are part of the epitope(s) recognized by the S-MAbs. The variant YM-8E8 identified two point mutations (at positions 91 and 97), but it is not possible to correlate lack of reactivity with the change at position 97, since a substitution at position 91 was sufficient to abolish it.
Amino acid substitutions at position 87 have not previously been related to acquisition of resistance to neutralization by MAbs in rotaviruses of other serotypes. In previous studies, the antigenic variants' mutations that have been mapped in region A have been located at positions 91, 94, 96, 97, 98 and 99 (Dyall-Smith et al., 1986; Mackow et al., 1988; Taniguchi et al., 1988; Nishikawa et al., 1989; Coulson & Kirkwood, 1991; Kobayashi et al., 1991; Kirkwood et al., 1993; Dunn et al., 1993) . Notably, most of these studies have been performed with G1 and G3 strains. A change at position 87 has been found in a mutant strain (VO9) of SAll selected for resistance to neutralization by a polyclonal serum . Nevertheless, since more than one substitution was involved, the relative contribution of each change to resistance to the polyclonal serum could not be assessed. For strain A253, the amino acid at position 87 appeared to be critical for the recognition of the corresponding epitope(s) by this group of M-MAbs and S-MAbs, since from the same clonal pool of strain A253 the five MAbs used selected variants with three different amino acid substitutions at the same position. This indicates that changes at this position strongly favour selection by these MAbs. Also, lack of binding of M-MAbs to strain YM was probably related to the substitution of arginine for histidine, an amino acid with similar charge characteristics, at position 87. The S-MAbs 5E6 and 8E8 selected mutations at three different positions with strains A253 and YM. A single clone was studied in each case, but these may not be representative of the more selectable substitutions. It is possible that, even between strains which exhibit low degree of intraserotypic variation, the hierarchy of key contact residues whose change abolishes binding of a MAb with the respective epitope (Air et al., 1990 ) might be different, accounting for the selection of mutations at different positions between different strains by a single MAb.
Studies with MAb neutralization-resistant variants of serotype G1 and G3 strains support the concept that VP7 antigenic regions A and C form a major conformation-dependent antigenic domain, resulting from the apposition in the three-dimensional structure of the two regions, in which several epitopes overlap functionally with each other (Dyall-Smith et al., 1986; Mackow et al., 1988; Taniguchi et al., 1988; Coulson & Kirkwood, 1991; Kobayashi et al., 1991; Kirkwood et al., 1993) . Results with the two Gll strains are compatible with this model since amino acid substitutions at different positions of region A (87, 91 and 96) of the epitope defined by S-MAb 5E6 differentially affected the neutralizing activity of S-MAb 8D10, which maps in region C. Thus, asparagine at position 96 abolished the neutralization activity of S-MAb 8D10, whereas a substitution at position 91 partially affected it (eight-fold reduction) and a substitution at position 87 had no effect.
Recent studies to evaluate the performance of several MAbs used for ELISA serotyping of human rotavirus VP7 have indicated the importance of using more than one MAb, preferably directed to different serotypespecific antigenic sites, for detection of each serotype. This ensures a wide detection of naturally occurring intraserotypic antigenic variants (Shaw et al., 1985; Raj et al., 1992) . The S-MAbs described in this report partly fulfil this requirement, since they recognize, in a serotypespecific manner, at least two different epitopes. S-MAb 8D10 was reactive in EL1SA with strain SA11 but failed to recognize all the other G3 strains of porcine, human, lapine, feline, canine and equine origin tested (data not shown). These MAbs are being used in a serotyping ELISA for detection of G11 strains that are prevalent among pigs and to test the eventual circulation of G11 strains in other species.
